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a  b  s  t  r  a  c  t
Localized  surface  plasmon  resonance  (LSPR)  with  metal  nanoparticles  is  the  promising  phenomenon
to  increase  light  absorption  by trapping  light  in  thin  ﬁlm  solar  cells.  In  this  study  we demonstrate  a
successful  LSPR  effect  with  gold  (Au)  nanoparticles  onto  the  Cu(In,Ga)Se2 (CIGS) absorption  layer.  First,
the  CIGS  absorber  layers  is fabricated  onto  the Mo  coated  polyimide  (PI)  substrate  by using  two  stage
process  as DC  sputtering  of CIG  thin  ﬁlm  followed  by the  selenization  at 400 ◦C. Finally,  the Au  nanopar-
ticles  are  deposited  onto  the  CIGS  layer  with  increasing  particles  size  from  4–15 nm  by  using sputter
coater  for  10–120  s. The  X-ray  diffraction  (XRD)  patterns  conﬁrm  the  formation  of  CIGS/Au nanocom-
posite  structure  with  prominent  peak  shift  of  CIGS  reﬂections  and  increasing  intensity  for  Au  phase.  The
CIGS/Au  nanocomposite  morphologies  with  Au particle  size distribution  uniformity  and surface  coverage
is examined  under  ultra-high  resolution  ﬁeld  effect  scanning  electron  microscope  (UHR-FESEM).  A  peak
at 176  cm−1 in  Raman  spectra,  associated  with  the  “A1”  mode  of lattice  vibration  for  the  attributed  to
the  pure  chalcopyrite  structure.  The  secondary  ion  mass  spectroscopy  (SIMS)  showed  ∼200  nm  depth
converge  of  Au  nanoparticles  into  the  CIGS  absorption  layer. The  optical  properties  as  transmittance,
reﬂectance  and  absorbance  of  CIGS/Au  layers  were  found  to  expand  in  the  infrared  region  and  the  LSPR
effect  is  the  most  prominent  for Au particles  (5–7 nm)  deposited  for  60  s.  The  absorption  coefﬁcient  and
band  gap  measurement  also  conﬁrms  that  the  LSPR  effect  for 5–7  nm  Au  particles  with  band  gap  improve-
ment  from  1.31 to  1.52 eV  for CIGS/Au  layer  as  the defect  density  decreases  due  to  the  deposition  of  Au
nanoparticles  onto  the  CIGS  layer.  Such  LSPR  effect  in  CIGS/Au  nanocomposite  absorption  layer  will  be  a
key parameter  to further  improve  performance  of  the  solar  cell.. Introduction
Thin-ﬁlm solar cells technology consists of semiconductors
ike amorphous and polycrystalline silicon (Si), GaAs, CdTe and
u(In,Ga)Se2 (CIGS) as well as organic materials. The main draw-
ack of all thin-ﬁlm solar-cell technologies is that the absorbance of
ear-bandgap light is small, in particular for the indirect-bandgap
emiconductor Si. In past few years, metallic nanostructures are
sed to trap the light in thin-ﬁlm solar cells by introducing the
urface plasmons: excitations of the conduction electrons at the
nterface between a metal and a dielectric [1–9]. By suitable
∗ Corresponding author. Tel.: +81 63 270 2304; fax: +82 63 270 2305.
E-mail address: crlee7@jbnu.ac.kr (C.-R. Lee).
1 Authors have equal contribution in the present work.
169-4332 © 2013 The Authors. Published by Elsevier B.V. 
ttp://dx.doi.org/10.1016/j.apsusc.2013.05.057
Open access under CC BY licens© 2013 The Authors. Published by Elsevier B.V. 
engineering of these metallodielectric structures, the light can
be concentrated and ‘folded’ into a thin semiconductor layer,
thereby increasing the absorption [5]. Both localized surface
plasmons excited in metal nanoparticles and surface plasmon
polaritons (SPPs) propagating at the metal/semiconductor interface
are the area of great interest. Localized surface plasmon reso-
nances (LSPRs), which optically enhance light absorption because
of enlarged optical cross sections, have been studied extensively
in an attempt to enhance the photovoltaic conversion efﬁciency
of thin ﬁlm solar cells [5–9]. Pillai et al. [5] studied the up to six-
fold increases of photocurrent around the band-edge region for
silicon solar cells coated with Ag nanoparticles. This resulted in
a 19% increase in photocurrent over the AM1.5 spectrum. These
gains are attributed to a reduction of surface reﬂectance and an
increase of light-trapping due to scattering by the metal nanopar-
Open access under CC BY license.ticles. Temple et al. [8] reported the effects of using dense layers
of silver (Ag) nanoparticles to the front surface of p-n junction Si
solar cells, with particular attention is given to the loss mecha-
nisms and photocurrent gain. Lim et al. [9] demonstrated the effect
e.
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Fig. 1. Schematic experimental representation of absorption layer deposited with
(a)  DC sputtering followed with selenization process at 400 ◦C and (b) structural58 S.-U. Park et al. / Applied Su
f depositing a sparse layer of Au nanospheres onto silicon photo-
iodes, and found a reduction of photocurrent at short wavelengths
nd an increase at long wavelengths. The authors credited this to
nterference between forward-scattered and transmitted photons,
ue to the phase delay induced by the Au nanoparticles. The prin-
iple method to enhance the scattering of incident light for CIGS
ased solar cell is by light-trapping at the interface between metal
anoparticles and absorption layer that potentially reduce reﬂec-
ion and increases the absorbance. For metal nanoparticles situated
n the front surface of a device, the nanoparticles must scatter light
nto the device (i.e. in the forward direction) to reduce reﬂection,
nd must scatter at oblique angles to improve light-trapping. Any
ight absorbed by the nanoparticles is lost as heat, and so absorp-
ion should be minimized. The combination of light scattering and
bsorption is known as extinction, and the ratio of scattering to
xtinction is known as the radiative efﬁciency. For CIGS solar cells
e require nanoparticles that exhibit a high radiative efﬁciency
cross the solar spectrum. For nanoparticles situated on the front
urface we also require that they scatter predominantly in the for-
ard direction.
Despite all these exciting opportunities, until recently to our
nowledge no systematic thought has been given to the question of
ow plasmon excitation and light localization can be used advan-
ageously in CIGS absorption layer. Many Ga-graded CIGS based
olar cells have been fabricated during the last decades [10–23]
ut actual outcome for in-depth variation of the bandgap is still
ot clear. In the two steps sputtering/selenization process the high
fﬁciency of 16.2% has achieved [10]. Kang et al., have successfully
erformed the systematic band gap engineering to fabricate high
uality CIS/CIGS, CIS/CGS and CIS/CIGS/CGS tandem layers by two
tep processes and observed an enhancement in band gap from 1.42
o 2.06 eV [11]. Yu et al. [12], have studied the effect of substrate
emperature on the phase structure, optical and electrical proper-
ies of the one-step radio frequency sputtered CIGS thin ﬁlms. With
he increase of substrate temperature, energy band gap of the CIGS
lms increase from 0.99 to 1.27 eV.
Ehrhardt, et al. [13], have utilized the back side opening (BSO)
rocess for exposing the back contact of CIGS thin ﬁlm solar cell
TFSC) to enable the interconnection at the rear side for the shin-
led CIGS solar modules. Such shingled CIGS solar modules have
 higher active area; in consequence of higher module efﬁcien-
ies lower cost can be expected. Wang et al., have demonstrated
he chalcopyrite CIGS thin ﬁlms fabrication by selenization of
u–In–Ga metallic precursors to obtain the required Ga-grading
roﬁle, co-evaporation of GaxSe for incorporation of Ga into CIGS.
hey observed that CIGS ﬁlms prepared by the proposed process
xhibit a ‘notch’ Ga-graded distribution, and the surface morpholo-
ies of the ﬁlms after gallium incorporation were signiﬁcantly
hanged compared with that of the as-selenized ﬁlms, and the
rocess was found to have little effect on the ﬁlm structure [14].
iao et al., have CIGS) thin ﬁlms were prepared by the sputtering of
uInGa precursors followed by chalcogenization via an isothermal
one-zone) selenization and a two-zone selenization. The effects of
wo selenization processes on the microstructural characteristics
f CIGS ﬁlms were also studied. In addition, we varied the seleniza-
ion temperature for the two processes between 450 and 580 ◦C
o investigate this effect on the microstructural characteristics and
ompositions of the CIGS ﬁlm [24]. In one of our previous reports,
igh quality, controlled band gap, Cu-poor CIGS thin ﬁlm have been
abricated by means of two CIG: In/(CuGa + In) and CuGa/In pre-
ursors during sequential sputtering of CuGa and In targets [25].
ecently, Liu and Nunzi [26], successfully incorporated the silver
Ag) nano-clusters (NCs) into organic light emitting diodes (OLED)
nd solar cells by means of thermal evaporation technique. The
ctive layer absorption is enhanced in the presence of silver NCs,
hich can be ascribed to NCs induced light scattering effect as wellproﬁles for fabricating CIG thin ﬁlm, selenization and deposition of Au nanoparticles
with increasing time from 10, 30, 60, 90, and 120 s using sputter coater onto the Mo
coated PI substrate.
as to LSPRs effect. As a result, photocurrent of the solar cells is
increased and the power conversion efﬁciency (PCE) is improved
up to 20%. Such comparative study on LSPRs effects in absorption
layer will reveal interesting features of the surface Plasmon and
allows optimization of solar cell devices from a novel point of view.
Hence, in this paper, we  demonstrate the effects of as-deposited
dense nanoparticles of Au onto the top surface of CIGS absorption
layer. The particular attention is given to the SPPs propagating at
the semiconductor/metal interface and improvement in the overall
optical properties of CIGS/Au absorption layer.
2. Experimental
Flexible polyimide (PI) substrate of 5 × 5 cm2 area was  used for
all the depositions. Molybdenum (Mo) bilayer of 500 nm as a back
contact was deposited by DC magnetron sputtering [10,24–27] onto
the PI substrate. Multi-layer CIG precursors of In/(CuGa + In) and
CuGa/In was  deposited by sequential sputtering with CuGa (80:20)
alloy and elemental In targets onto the Mo-coated PI substrate as
schematically shown in Fig. 1. The as-deposited CuInGa (CIG) layers
were converted into CIGS after selenization process. For that as-
fabricated CIG precursors were kept inside the thermal evaporation
instrument to evaporate selenium (Se) powder at 230 ◦C with 25 W
power supply for 80 min  with substrate temperature (Ts) kept at
400 ◦C. After the formation of CIGS thin ﬁlm, Au nanoparticles were
deposited for increasing deposition time from 10, 30, 60, 90, and
120 s by using sputter coater at 10−2 mbar working pressure with
2 mA current as highlighted in Fig. 1(b).
DC-magnetron sputtering with multi-target sputtering system
(VTS Corporation, DaON-1000S) was used to deposit multi-layer
CIG precursor. Thermal evaporation instrument (Model: SMS-
700HLCS), where the self-supported tantalum (Ta) wire (Single
zone–spiral type) with water cooling jacket assembly was  used
for selenization. Au nanoparticles were deposited by using sput-
ter coater (EMITECH SC7620), at 10−2 mbar pressure with 2 mA
current. The as-deposited thin ﬁlms were characterized by X-ray
diffraction (XRD, Bragg–Brentano geometry) using the Cu K1
( = 1.5406 A˚) radiation operated at 40 kV and 30 mA.
The PI/Mo/CIGS/Au-60 s nanocomposite layer shown in Fig. 3(d)
has the most uniform distribution of Au nanoparticles among all.
The nanocomposite surface morphologies of CIGS/Au-10 to 120 s
were observed with ultra-high resolution ﬁeld effect scanning elec-
tron microscope (UHR-FESEM, Model: S-5500 Hitachi) equipped
with energy dispersive spectroscopy (EDS, Model: Horiba 7593-H)
systems. The depth proﬁle was analyzed by secondary ion mass
S.-U. Park et al. / Applied Surface Science 280 (2013) 757– 763 759
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pig. 2. UHR FESEM images showing the top-planar layer of (a) CIGS and CIGS/Au n
eposition of Au nanoparticles onto the PI/Mo/CIGS substrate.
pectroscopy (SIMS, CAMECA IMS  7f magnetic sector) with Cs+
ource ions (10 kV, current 30 nA) with 150 m × 150 m raster
ize. Raman scattering measurements were performed using a
anoﬁnder@30 spectrometer. Excitation was provided with the
32.8170 nm emission line of an HeNe laser and measurements
ere performed in backscattering conﬁguration. The penetration
epth of scattered light in CIGS is estimated to be around 100 nm.
he focused spot size on the measured surface was  about 2 m,
ith an excitation power of 1.025 mW.  The optical transmittance,
eﬂectance, and absorbance were measured using UV–vis-NIR
pectroscopy.
. Results and discussion.1. UHR FESEM-EDS and SIMS studies
Fig. 2 shows the UHR FESEM top view of CIGS and nanocom-
osite CIGS/Au absorption layers with increasing deposition frommposite layer with increasing time from (b) 10 (c) 30, (d) 60, (e) 90, and (f) 120 s
10, 30, 60, 90, and 120 s onto the PI/Mo substrate. The chalcopy-
rite CIGS absorption layer, converted by post-selenization, yields
granular micro structures with wide grain sizes distribution. For
CIGS/Au nanocomposite layers, the particle size of as-deposited Au
nanoparticles onto the CIGS top surface were found to increase in
the range from 2–5 nm to 12–15 nm with increasing sputter time
from 10 to 120 s as shown in Fig. 2(b–f) respectively. The separa-
tions between the two  Au nanoparticles were found to reduce with
increasing deposition time. The Au nanoparticles size and surface
coverage was found to increase with increasing deposition time as
further summarized in Fig. 3.
Fig. 4 shows UHR FESEM with EDS images of the top-plane views
of CIGS and CIGS/Au-60 s deposited absorption layer on PI/Mo sub-
strate. It was observed that the surface morphologies look like
cauliﬂower buds with uniform dispersion of Au nanoparticles onto
the CIGS layer. From the EDS analysis, the as-calculated ratios of
Cu/(In + Ga), Ga/(In + Ga), and In/(In + Ga) for CIGS absorption layer
were found to be 0.83, 0.20 and 0.80, respectively as shown in
760 S.-U. Park et al. / Applied Surface S
Fig. 3. The graph proﬁle showing the distribution of Au nanoparticles in terms of
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was calculated by using FWHM for (1 1 1) reﬂection and found to
F
nurface coverage, average particle size, and separation between the particles onto
he  CIGS layer with respect to increasing deposition time from 10 to 120 s.
ig. 4(a). On the other hand, the ratios Cu/(In + Ga), and Ga/(In + Ga),
or CIGS/Au nanocomposite absorption layer were further improve
o 0.89, 0.36 respectively, as shown in Fig. 4(b). Such values are
ell matched with the high efﬁcient solar cell devices reported so
ar [15–22].
Fig. 5 shows the SIMS depth proﬁles of In, Se, Cu, Ga, and Mo
lements of CIGS thin ﬁlms and nanocomposite CIGS/Au-60 s layer
nto the PI/Mo substrate. From the SIMS proﬁles, the Ga concen-
ration was through the depth of the absorber which attributes a
onsistency in the band gap measurement for each layer. The SIMS
ignals were found to drop near the front half of the absorber lay-
rs for all the elements expect Au and remains uniform along the
epth from 50 to 450 nm.  Au signal was found to be at the depth
f ∼225 nm only for CIGS/Au nanocomposite layer. The ratios of
ig. 4. UHR FESEM images with its EDS elemental area proﬁle and concentrations sho
anocomposite layers deposited onto the PI/Mo substrate.cience 280 (2013) 757– 763
Cu/(In + Ga) for CIGS and CIGS/Au absorption layer were found to
ﬂuctuate between 0.3–0.64, and 0.23–0.93 with increasing depth
from 5–450 nm as explicate in Fig. 5(c and d), respectively. The
ratios of Ga/(In + Ga), and In/(In + Ga) for CIGS and CIGS/Au absorp-
tion layer were found stable along the depth. The increase in the
In or Ga signal towards the starting from 50–200 nm thickness
was more prominent that is associated with the multiple stages
(sequential sputtering) of the CIG deposition process [12,14,22–25].
3.2. XRD and Raman studies
The XRD patterns of individual CIGS and nanocomposite
CIGS/Au (10, 30, 60, 90, and 120 s) absorption layers deposited
onto the PI/Mo substrate were shown in Fig. 6. The polycrys-
talline nature of all the layers conﬁrmed the complete formation
of chalcopyrite phases. Fig. 6(a) shows, the presence of sharp
and well-deﬁned chalcopyrite peaks which is indicative of high
crystalline quality. The XRD patterns indicated the occurrence of
diffraction peaks along (1 1 2), (2 2 0)/(2 0 4), (1 1 6)/(3 1 2), (4 0 0),
and (3 1 6)/(3 3 2) directions were well matched for CIGS phase
(JCPDS card #35-1102) for all the layers. The presence of low inten-
sity peaks of (1 1 0), and (2 1 1) for Mo  back contact (JCPDS card
# 42-1120) underneath the chalcopyrite phase (absorber layer)
were consistently observed for all the layers. The preferred ori-
entation of (1 1 2) for CIGS (JCPDS card # 35-1102) absorbers
deposited from In/(CuGa + In) precursors is highly exhibited for
the layer [11,18–29]. The inserted high resolution XRD pattern of
as-deposited PI/Mo/CIGS/Au layer, the measured full width half
maxima (FWHM) for the preferred (1 1 1) orientation peak at 38.12◦
(2) for Au phase and were getting broaden to sharper with increas-
ing deposition time form 10 to 120 s. The average particle sizeincrease from 4 to 12 nm with increasing deposition time that is
well matched with the as observed UHR-FESEM analysis. Further,
a slight shift in the peak of CIGS reﬂections and presence of Au
wing the top-planar view of the layer consist of (a) CIGS, and (b) CIGS/Au-60 s
S.-U. Park et al. / Applied Surface Science 280 (2013) 757– 763 761
Fig. 5. SIMS depth proﬁles of In, Se, Cu, Ga, Na, Mo  elements with the calculation for Cu/(In + Ga), Ga/(In + Ga), and In/(In + Ga) ratios of (a,c) CIGS (b,d) CIGS/Au-60 s
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canocomposite layers deposited onto the PI/Mo substrate.
hase conﬁrmed the formation of PI/Mo/CIGS/Au nanocomposite
tructure.
Raman spectra show a dominant CIGS phase inside the layers
nd complete absence of ordered vacancy compound (OVC) phases
ike Cu(In,Ga)3Se5 at the surface region for all the samples as shown
n Fig. 7(a). In all the samples, we observed a strong increase in the
elative intensity of CIGS with respect to the increase in Au deposi-
ion time from 10 to 60 s after that it reduces for 90 and 120 s. The
ig. 6. XRD patterns of (a) CIGS and CIGS/Au nanocomposite layer with increasing
ime from (b) 10 (c) 30, (d) 60, (e) 90, and (f) 120 s deposition of Au nanoparticles
nto the PI/Mo/CIGS substrate. The inserted high resolution XRD pattern for nano
rystallite phases of Au deposition at prominent (1 1 1) preferred orientation.peak from the CIGS/Au-60 s phase becomes the most dominant one
at 176 cm−1 in the spectra was  measured in the sputtered region
of the samples. The Raman spectrum was  also utilized to identify
the secondary phase and to verify the purity of the chalcopyrite
CIGS phase. A peak at 176 cm−1, associated with the “A1” mode
of lattice vibration for the chalcopyrite structure and appears after
the selenization process [12,30–32]. This behavior agrees with the
existence of a surface region with Cu-rich content as observed from
the in-depth resolved SIMS measurements.
Fig. 7. Raman spectra of CIGS and CIGS/Au nanocomposite layer with increasing
time from 10, 60, and 120 s deposition of Au nanoparticles onto the PI/Mo/CIGS
substrate.
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Fig. 8. Optical properties as (a) transmittance, (b) reﬂectance, and (c) absorbance
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Fig. 9. UV–vis-NIR spectra for optical absorption coefﬁcient and (b) the plot of
2pectrum curves calculated from 200 to 1800 nm wavelength for CIGS and CIGS/Au
anocomposite layer with increasing time from 10, 60, and 120 s deposition of Au
anoparticles onto the PI/Mo/CIGS substrate.
.3. Optical and bandgap studies
The optical properties like transmittance (T), reﬂectance (R),
bsorbance, of CIGS and nanocomposite CIGS/Au absorption layers
ith increasing deposition from 10, 30, 60, 90, and 120 s, respec-
ively onto the PI/Mo substrate were demonstrated in Fig. 8. The
verall optical properties were found to stabilize and expand in
he infrared region with increasing Au particle size. The reﬂectance
as found to ﬂuctuate for high frequencies and get stabilized at
% for nanocomposite CIGS/Au layer. The transmittance spectra
or CIGS/Au nanocomposite layers were found to decrease pre-
ominantly from ∼90 to 45% for 60 s deposited Au particles as(˛h)2 with photon energy (h) for band gap measurements for CIGS and CIGS/Au
nanocomposite layer with increasing time from 10, 60, and 120 s deposition of Au
nanoparticles onto the PI/Mo/CIGS substrate.
shown in Fig. 8(b). The transmittance for CIGS/Au-60 s layers
decreased to zero due to high thickness at low frequency. The
transmittance increase predominantly between 800 and 1400 nm
wavelengths, due to the optical interferences by multiple reﬂec-
tions within the CIGS and Au nanoparticles absorption layers
and subsequently becomes stable for higher frequencies. The
absorbance for nanocomposite CIGS/Au-60 s was found to be best
among all layers as shown in Fig. 8(c).
The optical absorption coefﬁcient (˛) has been calculated
[11,12,33] from the transmission (T), reﬂection (R), data with the
corresponding thickness d, for all layers by using equation  ˛ = 1/d
In[{(1 − R)4 + 4T2R}1/2 + (1 − R)4]2T  and further shown in Fig. 9(a).
The  ˛ for CIGS and nanocomposite CIGS/Au absorption layers with
increasing deposition from 10, 30, 60, 90, and 120 s were cal-
culated as 3.2 × 104, 3.3 × 104, 3.4 × 104 and 4.2 × 104, 3.6 × 104,
2.4 × 104 cm−1, respectively with increasing photon energy as dis-
played in Fig. 9(a). The CIGS/Au 60 s absorption layer was found to
have best optical properties that are the direct consequence of the
highest absorbance and lowest reﬂectance as observed in Fig. 8(a)
and (b) respectively.
In order to measure the optical band gap (Eg) of direct gap chal-
copyrite compounds semiconductor, following equation  ˛ = A/h
[h − Eg)]1/2 is employed [12,34], where, A is a constant that
depends on the transition nature, the effectivemass and the reﬂec-
tive index and h is the incident photon energy. The band gap (Eg)
was calculated by extrapolating the slope of the ˛ (h) curve to the
photon energy (h) as abscissa; for all absorption layers as shown in
Fig. 9(b). The band gap for CIGS and nanocomposite CIGS/Au absorp-
tion layers with increasing deposition from 10, 30, 60, 90, and 120 s
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ere calculated as 1.21, 1.31, 1.42 1.52, 1.33, and 1.46 eV, respec-
ively as shown in Fig. 9(b). The band gap was found to increase from
.21 to 1.47 for 60 s deposition times and further reduces to 1.37 eV
t 120 s, respectively. Further, the band gap measurement also con-
rms the SPR effect up till 5–7 nm (for 60 s deposition time) with
ide band gap of CIGS/Au layers as the defect density decreases
ue to deposition of Au nanoparticles onto the CIGS layer. Such
mprove optical band gap may  be attributed to the nanocompos-
te absorption layers with the excellent crystallinity and controlled
PR effect along the depth [11,32]. The optical properties of metal
anoparticles are highly dependent on their size, shape, chemi-
al composition and also the surrounding dielectric environment
10,12]. For CIGS single layer the band gap of 1.15–1.74 eV is well
atched with the theoretical value of 1.3–1.45 eV also attributed
o the uniform Cu/(In + Ga) and Ga/(In + Ga) effect along the depth
14,33] with good crystallinity and stoichiometric [34] behavior.
he exact behavior of the increasing band gap with theoretical value
an also be explained further by solar cell parameters. These effects
ave been further conﬁrmed experimentally [35], and the present
ecord efﬁciency of CIGS solar cells have been achieved with such
and-gap grading, but many reports show that there might be still
ome possibilities of further optimization by engineering the band-
ap proﬁle of the CIGS based solar cell. The fundamental concept
elated to overall improvement in optical properties and band gap
ngineering of CIGS/Au nanocomposite absorbing semiconductors
n solar cells have been a challenging issue for further research.
. Conclusions
In summary, the LSPR with Au nanoparticles in CIGS absorption
ayer have been successfully demonstrated. The slight peak shift for
IGS (1 1 2) and broaden Au (1 1 1) reﬂections at 26.91◦ and 38.12◦,
espectively conﬁrmed the complete formation CIGS/Au nanocom-
osite layer. Raman spectra show the formation of a dominant pure
IGS phase inside and at the top surface region for all the nanocom-
osite layers. The size distribution of Au nanoparticles onto the
IGS layer is well analyzed under UHR FESEM. The SIMS explicate
200 nm depth converges of Au element only and are uniform for
ther elements along the depth of CIGS absorption layer. The sys-
ematic improvement in optical properties has been observed for
anocomposite layers. The SPR effect is prominent for Au parti-
les (5–7 nm)  deposited for 60 s. For CIGS/Au-60 s layer, the optical
roperties like absorbance and reﬂectance have been expanded in
he infrared region by controlling the size of Au particles. Such SPR
ffect in Au/CIGS absorption layer will be a key parameter to further
mprove performance of the solar cell. The enhancement in  ˛ from
.1 × 104 to 4.8 × 104 cm−1 will contribute to the improvement in
SPRs that can further enhance the solar cell efﬁciency. The fun-
amental concept associated with CIGS/Au nanocomposite based
olar cells will be a great area of further research.
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